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ABSTRACT
Compaleo, Jacob D.. M.S.E.E, Department of Electrical Engineering, Wright State Uni-
versity, 2018. Impact of Near-field-to-far-field Transformation on SAR Images Formed in
an Indoor Non-anechoic Environment.
This work investigates the impact of the near-field-to-far-field transformation (NFFFT)
algorithm on phase history measurement collections completed in the Sensors and
Signals Exploitation Laboratory (SSEL). SSEL is an indoor non-anechoic environ-
ment that is at risk to some measurement interferences such as multiple bounces.
Complete 360-degree phase history measurements of scale model aircraft are con-
ducted at varying range values within the near-field limit. These measurements are
calibrated with the Mie series scattering solution for a sphere. After calibration, the
measurements are transformed using the NFFFT, with radar cross-section (RCS)
estimated. RCS of the transformed data is compared with the RCS of the near-field
calibrated, and also far-field calibrated data. Well-known imaging algorithms the
polar format algorithm (PFA) and convolution back-projection algorithm are used
to form SAR images of the targets. Agreement in RCS within 4 dBsm is shown be-
tween the transformed data and far-field calibrated data, rather than the near-field
calibrated data. The NFFFT algorithm is shown to be suitable for use in the SSEL
measurement environment.
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Chapter 1 Introduction
1.1 Motivation
Advances in transformation techniques for radar cross section (RCS) measurements
from the near-field to the far-field have created opportunities in terms of the practi-
cality of these measurements. The large outdoor test ranges required for conducting
far-field RCS measurements make the process impractical for many laboratories.
Measuring outdoors brings risks such as poor weather conditions and external elec-
tronic interference [1]. Conducting RCS measurements in the near-field has the
advantage of the capability of measuring indoors in much smaller enclosures. The
ability to conduct measurements in smaller enclosures greatly reduces the amount
of space required for the test range. The practicality of conducting near-field mea-
surements opposed to far-field measurements makes the concept of a near-to-far
transformation appealing.
Target characteristics such as RCS depend on far-field analysis of radar scattering,
making the transformation a useful tool when not measuring in far-field conditions
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[1]. RCS is defined as “a measure of reflective strength of a target defined as 4π
times the ratio of the power per unit solid angle scattered in a specified direction to
the power per unit area in a plane wave incident on the scatterer from a specified
direction” [2]. A popular interpretation of RCS is the “measure of effective area of the
ratio of the scattered electric field to the incident electric field as target to receiver
range r approaches infinity” [3] as
σ = 4π lim
r→∞
r2
(Es · Es∗)
(Ei · Ei∗)
(1.1)
where
σ is target radar cross section in units of square meters,
Es is scattered electric field in units of Volts per meter,
Ei is incident electric field in units of Volts per meter,
and ∗ denotes complex conjugate.
The definition of RCS can also be thought of as the ratio of backscatter density in
the radar direction to the power density intercepted by the target [3] as
σ =
4πr2Sr
St
(1.2)
where St is power density intercepted by a target at range r, and Sr is scattered
power density at range r.
The underlying concept of the near-to-far field transform is based on Huygen’s prin-
ciple [4]. Huygen’s principle relates equivalent currents to fields, and far-fields are
2
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Figure 1.1: 1D example of Huygen’s Principle of Summation, which is used to sum
multiple spherical waves to a singular planar wave.
calculated from the equivalent current. In the near-field, waves are spherical. Once
in the far-field, the waves propagate as plane waves. In Huygen’s principle, these
near-field spherical waves can be summed to represent a propagated far-field plane
wave. Figure 1.1 illustrates the concept of Huygen’s principle of near-to-far field
wave summation and propagation. In the right figure, the two waves are shown
approaching range r=1 m. The amplitude of the superposition of the waves at 1
m are plotted for the cross-range dimension. The summation of an infinite number
of spherical waves forms a singular planar wave that is tangent to the waves [4].
The importance of Huygen’s principle for the near-field to far-field transformation
is discussed in [4], which is one of the first works detailing the transform algorithm.
The concept of forming a single far-field value by propagating many near-fields is
discussed [4].
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1.2 Challenges
The unique measurement environment of the Sensors and Signals Exploitation Labo-
ratory (SSEL) creates challenges for the application of the transformation algorithm.
The algorithm has typically been applied to data captured in traditional near-field
measurement ranges, such as an indoor anechoic chamber [5]. The measurement en-
vironment of the SSEL is depicted in Figure 1.2. The room consists of a test bench
setup consisting of a VNA , stepper motor for target rotation, and three-dimensional
antenna positioner. Directly behind the target and pedestal are three panels of radar
absorbing material (RAM). The environment does not fit the classical definition of a
near-field range and does not adhere to all RCS measurement guidelines set forth in
[1]. The non-anechoic environment creates sources of measurement errors, most no-
ticeably multiple bounces. Another challenge is creating high-quality measurements.
Misalignment with antennas and poor target placement when setting up measure-
ments can lead to inaccuracies in the data that in turn, affects image quality. SSEL
is not an RCS measurement facility, as phase history is measured to form 1D and
2D images. RCS can then be estimated from this phase history data. The most
important challenge to overcome in this work is estimating accurate RCS data from
these SSEL phase history measurements.
4
Figure 1.2: SSEL measurement environment depicting test bench, target, and radar
absorbing material.
1.3 Research Hypothesis
The goal of this research is to understand the impact of the near-field-to-far-field
transformation (NFFFT) on phase history measurements conducted in an indoor,
non-anechoic environment. A noted benefit of the NFFFT is the data smoothing
effect and improvement of measurement image quality when compared with images
constructed from near-field data [5]. For the context of this work, image refers to
synthetic aperture radar (SAR) images, which are recreations of target features based
on scattering phenomenology [6]. An example image of the B747-E4B before and
after NFFFT is shown in Figure 1.3. The research question is “how does the NFFFT
affect image quality of measurements taken in the SSEL?”
5
Figure 1.3: Example PFA image showing near-field calibrated (upper left), far-field
calibrated (upper right), and transformed (bottom) results for B747-E4B, HH polar-
ization.
Chapter II presents a literature review of near-field measurement applications and
techniques. Chapter III discusses the research methodology used for this work. Re-
sults and a discussion of these results are presented in Chapter IV. A recommendation
for future work is discussed in Chapter V.
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Chapter 2 Literature Review
2.1 Chapter Overview
This chapter reviews material regarding current methods for proper RCS measure-
ment techniques, NFFFT algorithms, image formation methods, and applications of
the NFFFT.
2.2 IEEE RCSMeasurement Procedure Standard
The need for a standard RCS measurement technique arose from the widely-varying
measurement methods and lack of procedural documentation at many of the RCS
test ranges around the world [1]. The procedures that are standardized include:
data collection, range calibration, post-processing, range characterization, and range
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error budget [1]. The measurement approach as presented in [1] can be outlined as
1) measure the isolated test target, 2) subtract a separate background measurement,
3) normalize the background-subtracted test target using a canonical target such
as a sphere, and 4) scale the normalized, background-subtracted test target using a
known or simulated measurement.
Step 1) can be represented as
Sttpq(k, φ, θ) = κ
q̂ ·Es(k, φ, θ)
p̂ ·Ei(k, φ, θ)
(2.1)
where p̂ and q̂ are polarization channels and κ represents various linear system losses.
Step 2) is represented as
Sttbspq = S
tt
pq − Stbpq (2.2)
where Stbpq is the background measurement.
Step 3) is represented as
Sttbsnpq =
Sttpq − Stbpq
Sctpq − Scbpq
(2.3)
where Sctpq is the canonical target measurement and Scbpq is the canonical target back-
ground measurement. Lastly,
step 4) is represented as
Stpq = S
cr
pq
Sttpq − Stbpq
Sctpq − Scbpq
(2.4)
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where Scrpq is the known or simulated measurement. RCS of the scaled, normalized,
and background-subtracted test target can then be estimated as
σpq = 4π|Stpq(k, φ, θ)|
2
. (2.5)
As RCS is defined in the far-field, it is necessary to separate the antenna and target
with a range given by
R >
2D2
λ
(2.6)
where D is the maximum dimension of the antenna or target and λ is wavelength.
This required range can either be achieved through physical separation (such as at
an outdoor range), or the use of a reflector system to collimate a spherical wave
into a planar wave in a short distance (such as at an indoor range) [1]. A recent
example of the use of an outdoor range for RCS measurements can be found in [7].
A wide-band stepped-frequency system was used for backscatter measurements and
2-D imaging [7]. The results showed that precise RCS data could be obtained in the
12-18 GHz range [7]. In [8], the authors study bistatic measurements in an indoor
measurement environment consisting of an anechoic chamber. Various frequency
ranges and targets ranging from simple to complex were measured at fixed bistatic
angles [8]. The facility used a parabolic dish reflector to synthesize plane wave
illumination on the targets, though the targets were not at a distance far enough to
meet far-field criteria [8]. The authors reported accuracy of 1.58 m2 [8]. A recent
near-field ISAR study of toy drone RCS measurements can be found in [9]. The
measurements were conducted in an indoor non-anechoic environment over the 8-12
9
GHz frequency range [9]. Despite the non-traditional measurement environment,
high-resolution ISAR imagery was still obtained after the NFFFT was performed on
the near-field data [9]. A statistical comparison between the RCS data and Swerling
Case I distribution was presented with good agreement [9]. RCS measurements
conducted in the near-field are not “true RCS” measurements, the results of NFFFT
approximates the true far-field. Standard 1502 deems that a physical property like
RCS should be bounded by an uncertainty statement, as [1]
σ = σ0 ±∆σ (2.7)
where σ0 is the estimated RCS and ∆σ > 0 is uncertainty. Uncertainty bounds
are used with the intention of lowering measurement error when reporting results
[1].
2.3 Image-Based NFFFT Algorithm
The image-based NFFFT algorithm relies on properties of the Fourier Transform to
calculate far-field RCS predictions. The following outlines the procedure of [5] in
context of the procedure outlined in Section 2.2.
10
2.3.1 Image-based Procedure [5]
The calibrated near-field data is defined as [5]:
Stpq = S
cr
pq
Sttbspq
Sctbspq
(2.8)
where
Sttbs is background-subtracted test target measurement
Sctbspq is background-subtracted calibration target measurement
Scrpq is simulated calibration target measurement
Stpq is calibrated near-field data
Calibrating the near-field measured data is the first step in a three-step process
required to transform the data to the far-field. The second step of the NFFFT
algorithm is the range compensation. Range compensation is the application of a
range gate of the calibrated phase history. The window function of the range gate is
[5]
W1(u) =
(
u+Rc
Rc
)3/2
(2.9)
where
u is the range scale following the Fourier transform. Rc is the range Rc = R−a, where
R is the target center to antenna distance, and a is the target radius as depicted in
Figure 2.1.
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Figure 2.1: Range Rc depicted as difference between antenna to calibration target
center distance and calibration target radius.
The gate is shifted along −u by a distance Rc. The range shift is negative due to
the convention of assigning negative range as towards the antenna and positive as
away from the antenna. As waves in the near-field are spherical, amplitude scales as
1
u
. Such as in the far-field, waves are planar and amplitude is range invariant. Mul-
tiplying the data by the range weighting is used to compensate the range dependent
amplitude and phase [5]. The range compensated phase history is
S(1)pq = F−1{W1F{S̄tpq}} (2.10)
where ∆R is the range scale relative to the specular point on the calibration target
with negative values being towards the radar. The third step in the NFFFT process
is to apply a weighting along the scan dimension of the data. The procedure is
similar to the range compensation method. The filter is applied to the spectral
dimension
S(2)pq = F−1{W2F{S(1)pq }} (2.11)
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where [5]
W2(n) =
(
(j)ne−j2kRc
√
−jkπRcHn(2)(2kρ0)
)
(2.12)
where
H
(2)
n is the nth order Hankel function of the second kind
ρ0 is the radial distance of the antenna scan position
ρ0 = |rs − ẑ(ẑ · rs)| (2.13)
The inverse Fourier transform of the result,
S(k, φ) = Fφn{S(2)pq }, (2.14)
is the far-field phase history data for frequencies k and angles φ.
The NFFFT procedure can be summarized by Figure 2.2 [5]. Each number shown
in Figure 2.2 represents one of the major steps to performing the algorithm.
2.4 Image Formation Methods
Two common image formation methods that generate high-resolution images are
the Polar Format Algorithm (PFA) and convolution back-projection. The PFA is
presented in [10], and the convolution back-projection algorithm is presented in [11].
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Figure 2.2: NFFFT algorithm procedure for circular scan near-field data with three
discussed steps outlined [5].
The PFA utilizes the 2D Fourier transform, making it very quick when using a
program like MATLAB [10]. The PFA requires N2 logN operations for an NxN
image, and back-projection requires N3 operations for a NxN image [11]. Back-
projection, while slower than the PFA, is able to form images pulse by pulse [11].
In [12], PFA and back-projection were used to form SAR images from simulated
and measured phase history data. The results were what the authors described as
“essentially identical” [12].
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Chapter 3 Methodology
3.1 Chapter Overview
This chapter covers the approach to answering the question “how does the NFFFT
affect image quality of measurements taken in the SSEL?”. This includes the selected
calibration data, post-processing techniques, and the NFFFT applied to a theoretical
and measured test case.
3.2 Experiment Setup
The measurements conducted in SSEL utilize an inverse synthetic-aperture system
(ISAR), with the target rotating on a pedestal and the antenna stationary. For this
work, elevation angle is stationary at 0 degrees, and azimuth angle is adjusted from
15
Figure 3.1: Photograph of SSEL ISAR experiment setup vantage from antenna with
target placed on circular-rotating pedestal.
-190 to +190 degrees with a step size of 0.1 degrees. Figure 3.1 depicts the SSEL
measurement environment with a target placed atop a circularly-rotating pedestal.
Table 3.1 gives azimuth and frequency parameters for the experiments discussed in
this work. Software range gating is a method used to attenuate areas outside of the
target range and will be discussed in detail in Section 3.2.3. An example of a typical
range-gated range profile data collection set for this work is provided in Figure 3.2
Parameter Value
Azimuth angle extent 380◦
Azimuth samples Naz 3801
Start frequency (GHz) 27
Stop frequency (GHz) 39
Frequency samples Mfreq 2401
IF BW (kHz) 3.0
RF Power (dBm) 5.0
Table 3.1: SSEL test target parameters including azimuth and frequency settings.
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Figure 3.2: Range profiles of S̄tt,S̄tb, S̄ct, and S̄cb VV polarization channel (Post
range-gating).
(VV polarization) and Figure 3.3 (HH polarization). In this example, the 6-inch
diameter sphere was used as both the test target, and calibration target. While test
targets are measured across a span of 380 degrees, 3801 samples, calibration targets
are measured across one full frequency sweep that spans only 1 azimuth sample.
Background subtraction was briefly mentioned in Section 2.2 as part of the SSEL
measurement procedure, and also as a required step for the NFFFT algorithm. The
background-subtracted test target measurement and calibration target measurement
are stated such as in Equation 2.2. Background subtraction is a technique for isolat-
ing the target measurement and removing unwanted responses from the measurement
environment. Figure 3.4 shows the range profile of the background-subtracted test
target and calibration target from the same data that was analyzed for Figure 3.2
and Figure 3.3.
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Figure 3.5: Range profiles of background-subtracted and normalized targets, VV and
HH polarization channels (Post range-gating).
Normalization was also mentioned in Section 2.2 as a key part of the measure-
ment and NFFFT procedure. Normalization is applied after background-subtraction,
and is accomplished by dividing the background-subtracted test target data by the
background-subtracted calibration target data. Normalization in this work is repre-
sented such as in Equation 2.3. The impact of normalization on the range profile is
shown in Figure 3.5. It’s important to note that normalization shifts the reference
location of the target to zero. The actual location of the target depends on the target
radius, which will be discussed in Section 3.2.6.
For this work, the 6-inch diameter sphere is used as the calibration target. The
Sphere was chosen because of its exact scattering solution known as the Mie Series
(Section 3.4). The test targets for this work are a 6-inch trihedral and 1:144 scale
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model planes, such as the Boeing 747-E4B featured in Figure 3.1.
3.2.1 Proposed Study
The proposed study of this work is a sensitivity analysis of NFFFT at varying near-
field ranges. The impact of target scattering center amplitude and location as range is
changed relative to the far-field range will be determined. For this work, scattering
centers are defined as peak values found in one-dimensional range profiles. The
NFFFT should theoretically be more precise as the measured range becomes closer
to the far-field range. The far-field range is expressed as
R(∆θ) =
45
∆θ
D2
λ
(3.1)
where ∆θ is the maximum phase taper of the incident field in degrees. A maximum
phase taper of ∆θ = 22.5◦ will be used. For clarity, R(∆θ) will be represented as
Rf for the remainder of this work. Three near-field range values will be selected,
and expressed as Rn. The ratio r =
Rf
Rn
will be used to demonstrate the variation
in the chosen range values. An uncertainty analysis of the RCS values with respect
to angle and frequency will be conducted. Three 1:144 scale model planes and a
6-inch trihedral will be used as test targets. Test targets and near-field range values
for this work are given in Table 3.2. While a target such as a sphere only has one
scattering center, the targets chosen for this analysis have multiple. Despite the
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Target 6-inch Trihedral B747-E4B B747-8 B747-8F
Rf [m] 6.0326 61.097 71.590 71.590
Rn1 [m] 3.92 3.0549 3.5795 3.5795
Rn2 [m] 2.11 1.83291 2.1477 2.1477
Rn3 [m] 0.603 0.61097 0.7159 0.7159
r1 0.65 0.05 0.05 0.05
r2 0.35 0.03 0.03 0.03
r3 0.10 0.01 0.01 0.01
Table 3.2: Test targets and range values for proposed measurements.
near-field extent being over 60 m for these model plane targets, the dimensions of
SSEL limit the possible target distances. Each target measurement will be processed
using the following techniques, software range-gating and measurement calibration.
3.2.2 Additional Room Reconfiguration Study with Sphere
In addition to the range ratio analysis discussed, a study of the impact of mea-
surement environment reconfiguration will be performed. Amplitude and location
variation of scattering centers will once again be analyzed, along with the root mean
square error (RMSE) of the measurement. Whisker plots of the far-field calibrated
and transformed (NFFFT) data, along with RMSE curves with plus or minus one
standard deviation will be provided. The far-field calibrated and transformed sphere
RCS will be compared to the theoretical sphere RCS. The results of this analysis
will be included at the end of the chapter. An additional whisker plot and RMSE
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analysis of the 6-inch trihedral will be provided at the beginning of Chapter 4.
3.2.3 Software Range Gating
Prior to background subtraction and normalization, a software range gate as defined
in [13] is applied to Sttpq, Stbpq, Sctpq, and Scbpq. The range gate is implemented as an ideal
bandpass filter in the range domain. Each measurement is transformed to the range
domain, where an ideal bandpass filter attenuates energy outside the range gate. The
gated range profile is then transformed back to the spectral domain. Range-gating
is applied as [13]
S̄ttpq = F−1{WF{Sttpq}} (3.2)
S̄tbpq = F−1{WF{Stbpq}} (3.3)
S̄ctpq = F−1{WF{Scpq}} (3.4)
S̄cbpq = F−1{WF{Scbpq}} (3.5)
where W is the ideal bandpass filter
W (u) = Π
(
u− u0
U
)
(3.6)
Π is the ideal unit rectangular pulse, u is the range relative to the antenna position,
U is the length of the gate, and u0 is the range to the center of the gate. The
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Figure 3.6: Example showing measured test target ungated range profile (top), gate
profile (center), and expanded view of target echo (bottom).
calibrated target phase history for SSEL is computed as
S̄tpq = S
cr
pq
S̄ttpq − S̄tbpq
S̄ctpq − S̄cbpq
(3.7)
Figure 3.6 shows the range profile of Stt (top), and the range profile of the resulting
S̄tt in the bottom plot. The true location of the test target was a known value, and
the range gate was centered and applied around this known location.
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Figure 3.7: Scattering geometry for a sphere, as defined by [3]
3.2.4 Mie Series
Simulated calibration target data Scal(k, φ) is generated using the exact solution
known as the Mie Series, originating in [14] and detailed in [3]. The Mie Series solves
for the scattering from a sphere using vector wave functions [3]. The Mie Series for
a sphere assumes a spherical coordinate system with a plane wave incident in the -z
direction. Figure 3.7 represents scattering geometry for a sphere in the Mie Series
solution [3]. The point P is the point where the scattering field is sought, and a is
the radius of the sphere. The incident electric field can be represented as [3]
Ei = E0x̂e
jk0z (3.8)
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with the incident magnetic field
H i = −
√
ε0
µ0
E0ŷe
jk0z = −E0
η
ŷejk0z (3.9)
The Mie solution for the scattered electric field at point, P and at angular frequency
ω is [3]
Es(P, ω) = E0
∞∑
n=1
(AnMo1n +BnNe1n) (3.10)
with the corresponding scattered magnetic field
Hs(P, ω) = j
√
ε0
µ0
E0
∞∑
n=1
(BnMe1n + AnNo1n) (3.11)
where An and Bn are constants based on the sphere properties, Meo1n and Neo1n are
spherical vector wave functions based on the positon of P [3]. The vector wave
functions are defined as [3]
Me
o1n = ∓
1
sin θ
h(2)n (k0r
′)P 1n(cos θ
′)[sinφ
′
cosφ′ ]θ̂
−h(2)n (k0r′)
d
dθ
P 1n(cos θ
′)[cosφ
′
sinφ′ ]φ̂
(3.12)
and
Ne
o1n =
n(n+ 1)
k0r′
h(2)n (k0r
′)P 1n(cos θ
′)[cosφ
′
sinφ′ ]r̂
+
1
k0r′
d
d(k0r′)
[k0r
′h(2)n (k0r
′)]
d
dθ
P 1n(cos θ
′)[cosφ
′
sinφ′ ]θ̂
∓ 1
k0r′ sin θ′
d
d(k0r′)
[k0r
′h(2)n (k0r
′)]P 1n(cosθ
′)[sinφ
′
cosφ′ ]φ̂
(3.13)
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where
h
(2)
n (·) is the nth order spherical Hankel function of the second kind
P
(1)
n (·) is the nth order Legendre function
The constants An and Bn for a perfectly conducting sphere are [3]
An = −(j)n
2n+ 1
n(n+ 1)
jn(k0a)
h
(2)
n (k0a)
(3.14)
Bn = (j)
n+1 2n+ 1
n(n+ 1)
[k0ajn(k0a)]
′
[k0ah
(2)
n (k0a)]′
(3.15)
where jn(·) denotes the nth order spherical Bessel function [3].
For this work, the Mie Series for a 6-inch diameter sphere is utilized. Figure 3.8
depicts the RCS across both frequency, and angle variation. The theoretical equation
for the RCS of a sphere in the high frequency region (ka > 20), where k is the wave
number and a is the sphere’s radius in meters, is given as [3]
σ = πa2 (3.16)
For the frequency range used in this work (27-39 GHz), the min k ≈ 566, so the
high-frequency region equation will always be utilized. Given the sphere’s radius of
3 inches, the RCS can be calculated as σ = 0.0182 sm (-17.38 dBsm). Figure 3.8
shows the theoretical calculation. This theoretical calculation and RCS in general
are far-field-based, so exact agreement between these calculations and the near-field
Mie Series is not expected. The far-field Mie Series solution will now be discussed
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Figure 3.8: RCS across frequency and angle for Near-field MIE Series solution, 6-inch
diameter sphere, VV polarization, range of 2.8 m, and frequency range of 27-39 GHz.
as a form of validation for the NFFFT algorithm. Results presented in this section
will be focused on VV polarization.
3.2.5 Far-field Validation
The far-field solution for the Mie Series is solved by letting the range from target to
antenna, r, approach infinity [3]. With r approaching infinity, the scattered electric
field at point P can be expressed as [3]
Es(P, ω) = E0
e−jk0r
′
k0r′
[cosφ′S1(θ
′)θ̂ − sinφ′S2(θ′)φ̂] (3.17)
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Figure 3.9: RCS across frequency and angle for Near-field and Far-field MIE Series
solutions, 6-inch diameter sphere, VV polarization, and frequency range of 27-39
GHz.
where
S1(θ
′) =
∞∑
n=1
(j)n+1
[
An
P
(1)
n (cos θ′)
sin θ′
+ jBn
d
dθ′
P (1)n (cos θ
′)
]
(3.18)
and
S2(θ
′) =
∞∑
n=1
(j)n+1 [An
d
dθ′
P (1)n (cos θ
′) + jBn
P
(1)
n (cos θ′)
sin θ′
] (3.19)
Figure 3.9 shows the comparison between the near-field and far-field Mie Series solu-
tions for the 6-inch diameter sphere. The far-field Mie Series solution RCS is -17.41
dBsm, while Equation 3.16 had a result of -17.38 dBsm. The near-field Mie series
RCS at 2.8 m is -17.26 dBsm. The frequency-domain response of the Mie Series
has a tight response with little variation. Figure 3.10 demonstrates the relationship
between normalized monostatic RCS and sphere radius in wavelengths [15]. The
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Figure 3.10: Normalized monostatic RCS as a function of radius (adapted from [15]).
sphere radius in wavelengths for the depicted Mie Series data falls between 6.9 and
9.9, due to the large frequency range. The low variation with respect to frequency
depicted in Figure 3.9 agrees with this portion of Figure 3.10.
3.2.6 Image Formation
Image formation in this work follows the convolution backprojection algorithm set
forth in [11] and also the polar format algorithm discussed in [10]. Figure 3.11
demonstrates the image formation capabilities with the convolution backprojection
algorithm. The image also works as another form of validation for the MIE Series
solution. The 6-inch diameter sphere has a radius of 3 inches, converted to meters it’s
29
Figure 3.11: Backprojected image of full 360 degree MIE Series solution for 6-inch
diameter sphere with VV polarization, and frequency range of 27-39 GHz.
0.0762. As mentioned in Chapter 2, the convention being followed is that negative
values are towards the radar. With this consideration, the largest reflection from the
sphere should be observed at -0.0762 m. This concept is confirmed when observing
Figure 3.11.
3.3 Analysis Method
Results analysis focuses on target center extraction, as well as variations in RCS and
formed images. The top 10 dB scattering centers will be extracted with variation in
amplitude and position analyzed using whisker plots. Error bar graphs of mean RCS
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Target 6-in Sphere
Rf [m] 6.033
Rn1 [m] 3.920
Rn2 [m] 2.111
Rn3 [m] 0.603
r1 0.65
r2 0.35
r3 0.10
Table 3.3: 6-inch diameter sphere measured and simulated near-field range values.
with respect to angle and frequency will be produced with plus or minus one standard
deviation used. Mean RCS with respect to angle and frequency will also be analyzed
and compared between the near-field calibrated, far-field calibrated, and transformed
data. images of the targets will be formed at each range value and compared between
the near-field calibrated, far-field calibrated, and transformed results. An example
application of the NFFFT on both measured and simulated 6-inch sphere data at
three chosen near-field range values will now be provided.
3.4 NFFFT Application Near-field Mie 6-in Sphere
The near-field Mie series for the 6-inch sphere was calculated with the range values
provided in Table 3.3. Azimuth and frequency values were set in agreement with
the experiment parameters presented in Section 3.3. Figure 3.12 depicts the RCS
of the 6-inch sphere with respect to frequency at each of the three range values
before and after the NFFFT is applied. The RCS values for the simulated near-field
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Figure 3.12: RCS with respect to frequency pre-NFFFT (left), and post-NFFFT
(right), evaluated at first azimuth point, VV polarization.
responses are in better numerical agreement with the far-field response after the
NFFFT is applied. Figure 3.13, Figure 3.14, and Figure 3.15 depict the near-field
and transformed far-field RCS values with respect to azimuth at 27GHz, 33GHz,
and 39GHz respectively. The results show that using a larger ratio such as r = 0.65
compared to r = 0.10 produces data that has closer agreement with the theoretical
far-field when transformed.
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Figure 3.13: RCS with respect to azimuth angle pre-NFFFT (left), and post-NFFFT
(right), evaluated at 27GHz, VV polarization.
Angle [deg]
-100 0 100
R
C
S
 [
d
B
s
m
]
-18
-17.8
-17.6
-17.4
-17.2
-17
-16.8
-16.6
-16.4
-16.2
-16
r1
nf
r2
nf
r3
nf
FF
Angle [deg]
-100 0 100
R
C
S
 [
d
B
s
m
]
-18
-17.8
-17.6
-17.4
-17.2
-17
-16.8
-16.6
-16.4
-16.2
-16
r1
T
r2
T
r3
T
FF
Figure 3.14: RCS with respect to azimuth angle pre-NFFFT (left), and post-NFFFT
(right), evaluated at 33GHz, VV polarization.
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Figure 3.15: RCS with respect to azimuth angle pre-NFFFT (left), and post-NFFFT
(right), evaluated at 39GHz, VV polarization.
3.4.1 NFFFT Application Measured Near-field 6-in Sphere
Data
Full 380◦ 6-inch sphere measurements were conducted in SSEL at the range ratios
r1, r2, and r3. Instead of comparing the transformed results to the theoretical
Mie series data, the results will be compared to measurement data calibrated with
the far-field Mie series. Figure 3.16, Figure 3.17, and Figure 3.18 depict the mean
RCS of the transformed data with respect to frequency compared to the near-field
and far-field calibrated data at range ratios r1, r2, and r3. As with transforming
the Mie series, the measured data results show closer agreement with the far-field
calibrated data as the value of r increases. Figure 3.19, Figure 3.20, and Figure 3.21
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Figure 3.16: Mean RCS with respect to frequency for the near-field calibrated,
NFFFT, and far-field calibrated 6-inch sphere data at r1, VV polarization.
Frequency [GHz]
28 30 32 34 36 38
R
C
S
 [
d
B
s
m
]
-19
-18
-17
-16
-15
-14
-13
NF
cal
FF
cal
NFFFT
Figure 3.17: Mean RCS with respect to frequency for the near-field calibrated,
NFFFT, and far-field calibrated 6-inch sphere data at r2, VV polarization.
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Figure 3.18: Mean RCS with respect to frequency for the near-field calibrated,
NFFFT, and far-field calibrated 6-inch sphere data at r3, VV polarization.
depict the mean RCS with respect to azimuth compared to the near-field and far-
field calibrated data for r1, r2, and r3. The results show closer agreement between
the transformed and far-field calibrated data when the range ratio is larger, which
again is what is expected based on the transformation of the Mie series data.
Figure 3.22, Figure 3.23, and Figure 3.24 depict the RCS uncertainty using the
mean RCS ± one standard deviation for r1, r2, and r3. The results show less
variation in mean RCS with respect to azimuth. The tight response denotes little
uncertainty in the measurement. Lastly, the maximum target amplitude and range
location of this amplitude are normalized and evaluated using whisker plots. As
previously discussed, the expected location of the maximum amplitude for a 6-inch
sphere is -7.62 cm. The expected maximum amplitude at this location is -17.38
dBsm. Figure 3.25 depicts the whisker plot of the normalized maximum amplitude
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Figure 3.19: Mean RCS with respect to azimuth for the near-field calibrated, NFFFT,
and far-field calibrated 6-inch sphere data at r1, VV polarization.
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Figure 3.20: Mean RCS with respect to azimuth for the near-field calibrated, NFFFT,
and far-field calibrated 6-inch sphere data at r2, VV polarization.
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Figure 3.21: Mean RCS with respect to azimuth for the near-field calibrated, NFFFT,
and far-field calibrated 6-inch sphere data at r3, VV polarization.
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Figure 3.22: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r1, VV polarization.
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Figure 3.23: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r2, VV polarization.
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Figure 3.24: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r3, VV polarization.
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Figure 3.25: Whisker plot of maximum amplitude at each pulse normalized to theo-
retical RCS, VV polarization.
for each pulse in dB. Ideally, the average would be around 0 dB, which would indicate
agreement between the maximum amplitude and theoretical amplitude. The trend
shown in the data is that the maximum amplitude becomes stronger as the ratio
r increases. Figure 3.26 depicts the whisker plot of the normalized location of the
maximum target amplitude. The location of the maximum amplitude appears to
be close to the theoretical location, as the whisker plot shows values near zero.
The maximum amplitude appears stronger than the theoretical value, which is to
be expected after observing the mean RCS figures; which depicted stronger RCS
values. The effectiveness of the transform was demonstrated in Section 3.4. When
transforming the measured sphere data, it can be noted that agreement between
the transformed and far-field calibrated data increased as the range ratio of the
measurement increased.
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Figure 3.26: Whisker plot of location of maximum amplitude at each pulse normal-
ized to theoretical range, VV polarization.
3.5 Results of Sphere Room Reconfiguration Anal-
ysis
The whisker plot for the amplitude variation of the sphere with room configurations
1 and 2 is shown in Figure 3.27. The mean value is consistent across both room
configurations and the far-field and NFFFT data. A mean of 0.5 dB means that
the RCS is stronger than expected, though compared to the range ratio whisker
plots, the value is appearing closer to the theoretical RCS. Figure 3.28 shows the
normalized location of the scattering center for both room configurations and both
far-field and NFFFT sphere data. For this whisker plot, the far-field normalized
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Figure 3.27: Whisker plot of maximum amplitude of FF and NFFFT sphere data
with room configuration 1 and 2 normalized to theoretical RCS, VV polarization.
locations have a mean of about 0.1 dB, meaning they are appearing closer than
expected. The NFFFT data though, has a mean at 0 dB, meaning it is appearing in
the correct location. Figure 3.29 depicts the mean RMSE plots with plus or minus
one standard deviation for the far-field data from both room configurations. Both
curves show a tight standard deviation, along with agreement between each other.
The mean RMSE is shown to be under 1 square centimeter. Figure 3.30 shows
the mean RMSE with plus or minus one standard deviation for the NFFFT data
in each room configuration. Like the far-field data, agreement is shown with the
NFFFT data between each configuration. Once again, mean RMSE under 1 square
centimeter is shown. The results shown here prove that the configuration of the
room does not have an impact on the variance of the amplitude and location of the
scattering center, or the RMSE of the measured data.
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Figure 3.28: Whisker plot of location of scattering center for FF and NFFFT sphere
data with room configuration 1 and 2 normalized to theoretical location, VV polar-
ization.
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Figure 3.29: Mean RMSE with plus or minus one standard deviation for far-field
data, room configurations 1 and 2, VV polarization.
43
Frequency [GHz]
28 30 32 34 36 38
R
M
S
E
 [
c
m
2
]
0
0.5
1
1.5
2
2.5
3
µ-S
n
µ
n
 (Config 1)
µ+S
n
µ-S
n
µ
n
 (Config 2)
µ+S
n
Figure 3.30: Mean RMSE with plus or minus one standard deviation for NFFFT
data, room configurations 1 and 2, VV polarization.
3.6 Summary
This chapter discussed the setup and method for the SSEL experiments conducted
for this work. Also, the method for forming the simulated data was discussed in
detail. Results of the NFFFT applied to theoretical and measured sphere data were
also shown. The following chapter presents the results of the NFFFT algorithm
applied to the test target measurements discussed in Sections 3.2.1 and 3.2.2.
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Chapter 4 Results
4.1 6-inch Trihedral Experiments
This section contains the results of the single scattering center and RMSE analysis
of the trihedral discussed in Chapter 3. Figure 4.1 depicts the whisker plot of the
normalized amplitude of the far-field and NFFFT trihedral scattering center. Such
as was the case with the sphere, the far-field and NFFFT data agree closely and
show little variation between the two. The mean value of 0.65 dB shows that the
amplitude is stronger than the theoretical value. Compared to the sphere analysis
which showed a mean of 0.5 dB in amplitude, the trihedral appeared even stronger.
Figure 4.2 shows the whisker plot of the normalized location of the scattering center
for the far-field and NFFFT data. Looking at the mean, the far-field data is at
about 0.18 dB, while the NFFFT data is at 0.22 dB. The NFFFT data has a larger
extent, as the whisker goes down to -0.25 dB. Figure 4.3 depicts the mean RMSE
with plus or minus one standard deviation with respect to frequency for the far-field
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Figure 4.1: Whisker plot of normalized amplitude for single scattering center FF and
NFFFT, VV polarization.
and NFFFT trihedral data. The far-field and NFFFT RMSE plots show agreement
between the two. The mean RMSE appears to be increasing as frequency increases
for both datasets. The mean RMSE value ranges between 1 square centimeter and
2.5 square centimeters. As with the mean RMSE plots for the sphere, the standard
deviation appears to be small. Comparing this analysis with the similar analysis
conducted for the sphere in Chapter 3, the results seem to make sense. The sphere
had less amplitude variation, which in turn showed a lower mean RMSE of 1 square
centimeter. The trihedral had a larger amplitude variation, and showed a range of
mean RMSE from 1 to 2.5 square centimeters.
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Figure 4.2: Whisker plot of normalized location for single scattering center FF and
NFFFT, VV polarization.
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Figure 4.3: RMSE with respect to frequency for trihedral FF and NFFFT, VV
polarization.
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Figure 4.4: Mean RCS with respect to frequency for trihedral measured at range
ratio 0.65, VV polarization.
4.1.1 Trihedral Range Ratio Experiment
This section contains the results of the application of the NFFFT to the trihedral
experiments discussed in Chapter 3. Figure 4.4, Figure 4.5, and Figure 4.6 repre-
sent the mean RCS with respect to frequency at range ratios 0.65, 0.35, and 0.10
respectively. The trend is similar to what was observed in the sphere measured
data analysis in Chapter 3. As range ratio decreases, the difference between the
transformed data and far-field calibrated data increases. Figure 4.7, Figure 4.8, and
Figure 4.9 represent the mean RCS with respect to azimuth at range ratios 0.65,
0.35, and 0.10 respectively. Once again as the range ratio decreases, the difference
between the transformed data and far-field data becomes more noticeable.
Figure 4.10, Figure 4.11, and Figure 4.12 depict the mean RCS with plus or minus
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Figure 4.5: Mean RCS with respect to frequency for trihedral measured at range
ratio 0.35, VV polarization.
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Figure 4.6: Mean RCS with respect to frequency for trihedral measured at range
ratio 0.10, VV polarization.
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Figure 4.7: Mean RCS with respect to azimuth for trihedral measured at range ratio
0.65, VV polarization.
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Figure 4.8: Mean RCS with respect to azimuth for trihedral measured at range ratio
0.35, VV polarization.
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Figure 4.9: Mean RCS with respect to azimuth for trihedral measured at range ratio
0.10, VV polarization.
one standard deviation for range ratio r = 0.65, r = 0.35, and r = 0.10 respectively.
For the target scattering center analysis, the amplitude and range of the three largest
scatterers were collected at each pulse. Each amplitude and range value was normal-
ized to the mean of the collected values. The top 10 dB scattering centers amplitude
and location was extracted from each pulse. For the trihedral, four scattering centers
were present within the threshold. Figure 4.13 depicts whisker plots of the normal-
ized amplitude of the scattering centers. From the whisker plots, it can be noted that
the strongest scattering center had the least variation in its mean. Large outliers
can be observed in both directions, meaning that some amplitudes were significantly
stronger that average and some were significantly weaker. All three range ratios
have similar mean values located near zero. Figure 4.14 depicts whisker plots for the
variation in location of the top 10 dB scattering centers. Less outliers exist in the
range whisker plots compared to the amplitude whisker plots. The largest outlier
value is 7 dB, while the largest outlier in the amplitude whisker plots was 28 dB.
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Figure 4.10: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r1, VV polarization.
The means of each whisker plot being around zero suggests low variation of location
for each scattering center.
4.2 B747-E4B Experiments
This section contains the results of the B747-E4B experiments discussed in Chapter
3. Figure 4.15, Figure 4.16, and Figure 4.17 depict the mean RCS with respect to
frequency for the B747-E4B measurements at range ratios r = 0.05, r = 0.03, and
r = 0.01. The similar trend of the transformed and far-field data having less tight
agreement as the range is decreased is once again present. Mean RCS with respect
to azimuth for the same range ratios are depicted in Figure 4.18, Figure 4.19, and
Figure 4.20. Agreement between the transformed and far-field calibrated data once
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Figure 4.11: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r2, VV polarization.
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Figure 4.12: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r3, VV polarization.
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Figure 4.13: Whisker plot of maximum amplitude (left) and range at which the
maximum occurs (right) for the strongest scatterer at each pulse normalized to mean
value, VV polarization.
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Figure 4.14: Whisker plot of maximum amplitude (left) and range at which the
maximum occurs (right) for the second strongest scatterer at each pulse normalized
to mean value, VV polarization.
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again decreases as the range ratio decreases. Results of the B747-E4B error bar
analysis of the mean RCS for r1, r2, and r3, are shown in Figure 4.21, Figure 4.22,
and Figure 4.23. From the graphs, it can be noted that error increases as range
decreases, which is what is expected based on the previous trends. As with the
trihedral, the top 10 dB scattering centers amplitude and location were extracted for
the B747-E4B at each pulse. While the trihedral had four scattering centers in the
top 10 dB, the B747-E4B had five. Figure 4.24 depicts whisker plots for normalized
amplitudes of the scattering centers. The trihedral noticeably had outliers up to 28
dB, while the B747-E4B has a largest outlier of 8 dB. The largest of the scattering
centers (top left) shows a trend of the mean being closer to 0 dB as the range ratio
decreases, while the other four scattering centers have means that are closer together.
Figure 4.25 shows the whisker plots of the location of all five of the top 10 dB
scattering centers. The mean is once again near 0 dB in all five plots, meaning there
was little variation in range for the scattering centers. Each of the plane targets were
imaged using the PFA imaging algorithm. Near-field calibrated, far-field calibrated,
and transformed data was imaged from each dataset. Images of the B747-E4B at
range ratios r = 0.05, r = 0.03, and r = 0.01 are depicted in Figure 4.26, Figure 4.27,
and Figure 4.28. The images formed are similar between the near-field calibrated,
far-field calibrated, and transformed data. While improvement in the images can not
be noted, the improvement in image quality as range is increased is noticeable. As
the far-field calibrated and transformed data agreed with respect to RCS, it is to be
expected that the images formed of each look similar.
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Figure 4.15: Mean RCS with respect to frequency for B747-E4B measured at range
ratio 0.05, VV polarization.
Frequency [GHz]
28 30 32 34 36 38
R
C
S
 [
d
B
s
m
]
-25
-20
-15
-10
NF
cal
FF
cal
NFFFT
Figure 4.16: Mean RCS with respect to frequency for B747-E4B measured at range
ratio 0.03, VV polarization.
56
Frequency [GHz]
28 30 32 34 36 38
R
C
S
 [
d
B
s
m
]
-35
-30
-25
-20
-15
NF
cal
FF
cal
NFFFT
Figure 4.17: Mean RCS with respect to frequency for B747-E4B measured at range
ratio 0.01, VV polarization.
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Figure 4.18: Mean RCS with respect to azimuth for B747-E4B measured at range
ratio 0.05, VV polarization.
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Figure 4.19: Mean RCS with respect to azimuth for B747-E4B measured at range
ratio 0.03, VV polarization.
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Figure 4.20: Mean RCS with respect to azimuth for B747-E4B measured at range
ratio 0.01, VV polarization.
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Figure 4.21: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r1, VV polarization.
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Figure 4.22: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r2, VV polarization.
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Figure 4.23: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r3, VV polarization.
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Figure 4.24: Whisker plots of maximum amplitude for the top 10 dB scattering
centers at each pulse normalized to mean value, VV polarization. The order from
strongest to weakest scattering center is upper left, upper right, middle left, middle
right, and bottom.
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Figure 4.25: Whisker plots of location of maximum amplitude for the top 10 dB
scattering centers at each pulse normalized to mean value, VV polarization. The
order from strongest to weakest scattering center is upper left, upper right, middle
left, middle right, and bottom.
Figure 4.26: PFA image of B747-E4B with near-field calibration (upper left), far-field
calibration (upper right), and NFFFT applied (bottom) at r = 0.05, VV polarization.
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Figure 4.27: PFA image of B747-E4B with near-field calibration (upper left), far-field
calibration (upper right), and NFFFT applied (bottom) at r = 0.03, VV polarization.
Figure 4.28: PFA image of B747-E4B with near-field calibration (upper left), far-field
calibration (upper right), and NFFFT applied (bottom) at r = 0.01, VV polarization.
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4.3 B747-8 Experiments
This section contains results the B747-8 experiments discussed in Chapter 3. The
mean RCS with respect to frequency for range ratios r = 0.05, r = 0.03, and r = 0.01
are depicted in Figure 4.29, Figure 4.30, and Figure 4.31. At r = 0.05 the three curves
are nearly identical. As the range ratio decreases, the three curves once again start to
separate with the transformed data curve showing stronger mean RCS values than
the far-field calibrated curve, though weaker than the near-field calibrated curve.
Figure 4.32, Figure 4.33, and Figure 4.34 display the mean RCS with respect to
azimuth for the measurement at each range ratio in descending order. The same
trends in agreement between the curves with respect to frequency are observed in
the curves with respect to azimuth. Mean RCS with plus or minus one standard
deviation for each measurement is shown in Figure 4.35, Figure 4.36, and Figure 4.37.
The error bar graphs show the same trend with the B747-8 that was observed with
the B747-E4B of the error increasing as the range decreases. Whisker plots of the top
10 dB scattering centers amplitudes are shown in Figure 4.38. As with the B747-E4B,
the strongest scattering center (upper left) shows a mean increasing towards 0 dB
as range decreases. The other four scattering centers have consistent means across
range ratios. Figure 4.39 shows the location of the top 10 dB scattering centers. As
with the B747-E4B, outliers are present in each whisker plot, though the mean is
near 0 dB. PFA images formed from the near-field calibrated, far-field calibrated, and
transformed data at each range ratio in descending order are shown in Figure 4.40,
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Figure 4.29: Mean RCS with respect to frequency for B747-8 measured at range ratio
0.05, VV polarization.
Figure 4.41, and Figure 4.42. As with the B747-E4B images, the near-field calibrated,
far-field calibrated, and transformed images are similar in appearance. The image
quality again increases as the range ratio increases.
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Figure 4.30: Mean RCS with respect to frequency for B747-8 measured at range ratio
0.03, VV polarization.
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Figure 4.31: Mean RCS with respect to frequency for B747-8 measured at range ratio
0.01, VV polarization.
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Figure 4.32: Mean RCS with respect to azimuth for B747-8 measured at range ratio
0.05, VV polarization.
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Figure 4.33: Mean RCS with respect to azimuth for B747-8 measured at range ratio
0.03, VV polarization.
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Figure 4.34: Mean RCS with respect to azimuth for B747-8 measured at range ratio
0.01, VV polarization.
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Figure 4.35: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r1, VV polarization.
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Figure 4.36: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r2, VV polarization.
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Figure 4.37: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r3, VV polarization.
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Figure 4.38: Whisker plots of maximum amplitude for the top 10 dB scattering
centers at each pulse normalized to mean value, VV polarization. The order from
strongest to weakest scattering center is upper left, upper right, middle left, middle
right, and bottom.
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Figure 4.39: Whisker plots of location of maximum amplitude for the top 10 dB
scattering centers at each pulse normalized to mean value, VV polarization. The
order from strongest to weakest scattering center is upper left, upper right, middle
left, middle right, and bottom.
Figure 4.40: PFA image of B747-8 with near-field calibration (upper left), far-field
calibration (upper right), and NFFFT applied (bottom) at r = 0.05, VV polarization.
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Figure 4.41: PFA image of B747-8 with near-field calibration (upper left), far-field
calibration (upper right), and NFFFT applied (bottom) at r = 0.03, VV polarization.
Figure 4.42: PFA image of B747-8 with near-field calibration (upper left), far-field
calibration (upper right), and NFFFT applied (bottom) at r = 0.01, VV polarization.
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4.4 B747-8F Experiments
This section contains the results of the B747-8F experiments discussed in Chapter
3. Mean RCS with respect to frequency for the range ratios in descending order are
depicted in Figure 4.43, Figure 4.44, and Figure 4.45. Agreement between the near-
field calibrated, far-field calibrated, and transformed data once again decreases as the
range ratio decreases. Mean RCS with respect to azimuth is shown in Figure 4.46,
Figure 4.47, and Figure 4.48. The trend in mean RCS agreement between the near-
field calibrated, far-field calibrated, and transformed data has been shown to be
proportional to range in each experiment. Error bar plots depicting mean RCS with
plus or minus one standard deviation are shown in Figure 4.49, Figure 4.50, and
Figure 4.51. Error is shown to increase as the range ratio decreases. This agrees
with what was shown in the B747-E4B and B747-8 experiments. The top 10 dB
scattering centers amplitudes are shown in Figure 4.52. The strongest scattering
center once again has a mean increasing towards 0 dB as the range ratio decreases.
Mean variation around -2.5 dB is shown in the amplitudes of the other four scattering
centers. Figure 4.53 depicts the normalized location of the top 10 dB scattering
centers. The worst mean variation shown is 1 dB, while the best is 0 dB. Trends
are similar to those discussed in the previous experiments. PFA images of B747-
8F datasets with near and far-field Mie series calibrations and NFFFT applied for
each range ratio in descending order are shown in Figure 4.54, Figure 4.55, and
Figure 4.56. Image quality once again improves as the range ratio increases. The
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Figure 4.43: Mean RCS with respect to frequency for B747-8F measured at range
ratio 0.05, VV polarization.
near-field calibrated, far-field calibrated, and transformed images at each range ratio
are once again similar to each other in appearance.
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Figure 4.44: Mean RCS with respect to frequency for B747-8F measured at range
ratio 0.03, VV polarization.
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Figure 4.45: Mean RCS with respect to frequency for B747-8F measured at range
ratio 0.01, VV polarization.
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Figure 4.46: Mean RCS with respect to azimuth for B747-8F measured at range ratio
0.05, VV polarization.
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Figure 4.47: Mean RCS with respect to azimuth for B747-8F measured at range ratio
0.03, VV polarization.
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Figure 4.48: Mean RCS with respect to azimuth for B747-8F measured at range ratio
0.01, VV polarization.
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Figure 4.49: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r1, VV polarization.
76
Frequency [GHz]
28 30 32 34 36 38
R
C
S
 [
d
B
s
m
]
-30
-20
-10
0
10
µ-S
n
µ
n
µ+S
n
Azimuth [deg]
-150 -100 -50 0 50 100 150
R
C
S
 [
d
B
s
m
]
-30
-20
-10
0
10 µ-S
m
µ
m
µ+S
m
Figure 4.50: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r2, VV polarization.
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Figure 4.51: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r3, VV polarization.
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Figure 4.52: Whisker plots of maximum amplitude for the top 10 dB scattering
centers at each pulse normalized to mean value, VV polarization. The order from
strongest to weakest scattering center is upper left, upper right, middle left, middle
right, and bottom.
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Figure 4.53: Whisker plots of location of maximum amplitude for the top 10 dB
scattering centers at each pulse normalized to mean value, VV polarization. The
order from strongest to weakest scattering center is upper left, upper right, middle
left, middle right, and bottom.
Figure 4.54: PFA image of B747-8F with near-field calibration (upper left), far-field
calibration (upper right), and NFFFT applied (bottom) at r = 0.05, VV polarization.
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Figure 4.55: PFA image of B747-8F with near-field calibration (upper left), far-field
calibration (upper right), and NFFFT applied (bottom) at r = 0.03, VV polarization.
Figure 4.56: PFA image of B747-8F with near-field calibration (upper left), far-field
calibration (upper right), and NFFFT applied (bottom) at r = 0.01, VV polarization.
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Target B747-E4B
Rf [m] 18.833
Rn1 [m] 2.825
Rn2 [m] 1.883
Rn3 [m] 0.9417
r1 0.15
r2 0.10
r3 0.05
Table 4.1: Test target and range values for proposed X-band measurements.
4.5 B747-E4B X-band Experiments
This section contains the results of the B747-E4B experiments collected at X-band
(8-12 GHz). Unlike the previous Ka-band measurements, 801 frequency points were
used for the X-band measurements. Range values and ratios for the proposed x-band
experiments are given in Table 4.1.
Mean RCS with respect to frequency is shown in Figure 4.57, Figure 4.58, and Fig-
ure 4.59 for range ratios r = 0.15, r = 0.10, and r = 0.05. Once again, agreement
between the three curves decreases as the range ratio decreases. In r = 0.05, the
transformed data appears to agree more with the near-field calibrated data rather
than the far-field calibrated data. Mean RCS with respect to azimuth for the same
three range ratios is shown in Figure 4.60, Figure 4.61, and Figure 4.62. Results for
the mean RCS with respect to azimuth plots follow similar trends to the previous
experiments; meaning that the agreement between curves decreases as azimuth in-
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Figure 4.57: Mean RCS with respect to frequency for B747-E4B measured at range
ratio 0.15, VV polarization (X-band).
creases. Mean RCS with error bars depicting plus and minus one standard deviation
are depicted in Figure 4.63, Figure 4.64, and Figure 4.65. As expected based on
the previous experiments, the largest error is present in the r3 graphs. Figure 4.66
depicts whisker plots of the top 10 dB scattering center amplitudes. With variance
from the expected mean of 0 dB no greater than 2.5 dB, it can be said that scattering
center amplitudes agree with what is expected. Figure 4.67 shows the normalized
locations of the top 10 dB scattering centers. With no outliers greater than 0.04
dB, the x-band experiment had the smallest location variation of this work. Im-
ages formed with the PFA for r1, r2, and r3 are shown in Figure 4.68, Figure 4.69,
and Figure 4.70. Between the ka-band and x-band experiments, the similar trend of
measurement quality decreasing as the range ratio decreases is evident. Once again,
while image improvement from the transformed data can not be stated, the similar-
ities in the near-field calibrated, far-field calibrated, and transformed images can be
noted.
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Figure 4.58: Mean RCS with respect to frequency for B747-E4B measured at range
ratio 0.10, VV polarization (X-band).
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Figure 4.59: Mean RCS with respect to frequency for B747-E4B measured at range
ratio 0.05, VV polarization (X-band).
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Figure 4.60: Mean RCS with respect to azimuth for B747-E4B measured at range
ratio 0.15, VV polarization (X-band).
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Figure 4.61: Mean RCS with respect to azimuth for B747-E4B measured at range
ratio 0.10, VV polarization (X-band).
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Figure 4.62: Mean RCS with respect to azimuth for B747-E4B measured at range
ratio 0.05, VV polarization (X-band).
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Figure 4.63: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r1, VV polarization
(X-band).
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Figure 4.64: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r2, VV polarization
(X-band).
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Figure 4.65: Mean RCS with respect to frequency (top) and azimuth (bottom) for
transformed data, with plus or minus one standard deviation for r3, VV polarization
(X-band).
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Figure 4.66: Whisker plots of maximum amplitude for the top 10 dB scattering
centers at each pulse normalized to mean value, VV polarization (X-band). The
order from strongest to weakest scattering center is upper left, upper right, middle
left, middle right, and bottom.
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Figure 4.67: Whisker plots of location of maximum amplitude for the top 10 dB
scattering centers at each pulse normalized to mean value, VV polarization (X-band).
The order from strongest to weakest scattering center is upper left, upper right,
middle left, middle right, and bottom.
Figure 4.68: PFA image of B747-E4B with near-field calibration (upper left), far-field
calibration (upper right), and NFFFT applied (bottom) at r = 0.15, VV polarization
(X-band).
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Figure 4.69: PFA image of B747-E4B with near-field calibration (upper left), far-field
calibration (upper right), and NFFFT applied (bottom) at r = 0.10, VV polarization
(X-band).
Figure 4.70: PFA image of B747-E4B with near-field calibration (upper left), far-field
calibration (upper right), and NFFFT applied (bottom) at r = 0.05, VV polarization
(X-band).
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Figure 4.71: Mean RCS with respect to azimuth and frequency at range ratio r1 for
all three plane targets, VV polarization.
4.6 Mean RCS Comparison of Plane Targets
Figure 4.71 shows a mean RCS comparison of all three of the model plane test targets
at range ratio r1. The plots show B747-E4B has the weakest RCS with respect to
azimuth that is 15 dBsm below the other two targets. The B747-8 has the strongest
RCS, which can be noted as about 5 dBsm stronger that the B747-8F at the peak
values. Figure 4.72 depicts photographs of the three model plane targets. The
nose-to-tail lengths on the B747-8 and B747-8F are equal and 4 cm larger than the
B747-E4B value. The smallest plane showing the weakest mean RCS makes sense, as
in theory, the maximum dimension of the target contributes to the RCS. The similar
shape and size of the B747-8 and B747-8F explains why the Mean RCS of the two
is tighter than compared to the B747-E4B.
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Figure 4.72: Photographs of plane targets B747-8 (upper left), B747-8F (upper right),
and B747-E4B (bottom).
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Chapter 5 Conclusions
5.1 Summary
This thesis showed how the NFFFT affected the image quality of measurements taken
in the SSEL. The results showed that in terms of image quality, it is not necessary
to apply the NFFFT in the SSEL. The similarities between the near-field calibrated,
far-field calibrated, and transformed data made this apparent. The analysis of the
top 10 dB scattering center extraction demonstrated that the amplitude and location
were consistent with few outliers and variation. Analysis of the mean RCS of the
transformed data with respect to frequency and azimuth showed that the data did
in fact agree with the far-field calibrated data rather than the near-field calibrated
data. Performing experiments at ka-band and x-band allowed for the analysis of the
NFFFT at multiple frequency bands. The impact of the NFFFT on image quality
was shown to be similar at both frequency bands, as the formed images still agreed
with their near-field and far-field calibrated counterparts. The primary contribution
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of this study is the understanding of the impact of the NFFFT on images formed in
an indoor non-anechoic environment.
5.2 Recommendations for future work
Due to time constraints, the number of experiments and targets utilized for this
work was limited. As only three range ratio experiments were conducted per target,
it could be beneficial to conduct experiments over more range values. A set of
experiments beginning at r = 0.05 and increasing in equal increments to r = 1.0
could provide more conclusive information about the impact of the range ratio value
on the effectiveness of the NFFFT. Using a larger variety of test targets is also a
possible avenue that could be explored. The three model planes used are all similar-
shaped Boeing models. Imaging a different sized plane or other target could be useful
in comparing image results with and without the NFFFT applied. Another possible
future task is performing a theoretical and measured data comparison such as was
done in Chapter 3 with the sphere with a cylinder canonical target. Transforming
the cylindrical near-field Mie series to the far-field and comparing with the far-field
cylindrical Mie series would add further validation to the effectiveness of the NFFFT
in the SSEL environment.
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